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THE AERODYNAMICS OF A WIND-TUNNEL FAN
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SUMMARY

The vortex blade-element theory modified to apply to
an axial fan working in a duct is reviewsd, Thrust and
power coefficients for a fan are identified with the cor-
responding coefficients for airplane propellers, Tho re-
lation of pressure produccd by the fan to the blade-element
coefficients is developed. The distribdution of axial ve-
locity of fluid through a fan is assumed to be controlled
by the fan itself., The radlal distribution of tangocntial
volocity imported by tho fan to fluid moving through the
fan is shown to bo indopendent of the axial-velocity dis-
tribution,

A nondimensional coefflcient, designated the rotation
constant, is introduced. This constant is based solely
upon design information, The use of the rotatlon constant
in simplifying the design of a fan for a specific operat-
ing condition is demonstrated, Based on the use of the
rotation constant, a graphical method is outlined by which
the performance of a given fan in a given wind tunnel may
be predicted and by -which the distributions of axial veloc~
ity of the fluid through the fan undor various oporating _
conditions may be established, . C e

' INTRODUCTION S L

Comprehensive treatment of factors bearing on the op-
eration of axial fans have been made by several investi-
gators, Following customary procedure, sach investigator
assumed that the axial velocity of fluid through the fan
was uniform, Ignoring viscous distortion of the velocity
distribution, this assumption is logical for the design
condition butf may not, of necessity, hold for all operat-
ing conditions, Radially nonuniform axial velocity under
some operating conditions is .mentioned in reforence 1,
Performanco estimation for a fan that must work over a
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range of operating conditions can be made only by some pro-
cedure which takes account of the interrelation of axial
velocity and torque distributions,

This paper deals only with the aerodynamics of the
fan proper and demonstrates the manner in which the radisl
digtridbution of axial velocity of-fluid through a fan is
governed by the geometry of the fan itself, Although spe-
cial reference is made to a wind-tunnel fan, the conclu-
giong arrived at here apply to any single-~stage fan work-
ing in a close duct. Some of the derivations published in
the reforonces are ropeated here, but a consistent notation
is usod to coordinate the work of various authors, The
vortex blado-slomont thoory modified to apply to a fan work-
ing in o duct 1s doveloped, A dirocct vprocodure is indi-
catad for design of the optimum fan for a given combina-
tion of mass flow, shaft speed, power, and fan dianmeter,
A relation is established betweeon elemental torqus coeffi-
cient, axial velocity, radius, and a rotation constant,:
Basged on this relation, a mothod is givon by which perform-
ance charts for a fan may bo preparod,

SYKBOLS

D diamoteor of fan

Dy bub-housing dlameter

r radius of any blade element unde? con¥ideration

o hub-housing radius o ;f'

n shaft speed, revolutions per second

v axial velocity of fluﬁd'fhrough fan

w angular veloclty imparted to fluld by fan

_w'= wr,_ tangentiaL veloc1ty at radius r imparted to
finid by fan '

IVf flnal velocity of air a:ter leaving fan“ v00tor sum
of .V and w , ,.”..vf. e

VR velocity of fluid relatlve t0 "blade element vector
sum of (V + 2m¢n - w/2) co -
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slip funection (V/nD), significant only when based
on uniform axial velocity

slip functlion based on axial velocity at a radius

l v
(2mrn - w/2)

helix angle = tan™

blade angle

reference blade angle

angle of attack = B - @

blade width, or chord

airfoil section thickness

number of blades

lift

1ift coefficient

drag

resultant force, vector sum of I + D
tan~* D/L

mass density of ailr, slugs per cubic foot

torque

torque coefficient < Y >
pYZ D3

clemental torque coefficient
0.5
r
B f Q'C, a (ﬁ) = ro
ro/D .

torgque cosfficiont ( ot )
Pn®DS

I
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elemental torque coefficlent
Op5
] Y =
B/CQ d<D>_CQ

ro/D
power input to fan

power coefficient <2WCQ = ? )
pn®nt

thrust, shaft tension

thrust coefficlent (-nﬁ—;>
PYED

elemental thrust coefficient

CeB
! TN
5 [zt a (§)er,
“r,/D
thrust coefficient —_ g 4>
Pn=D

elemental thrust coefficient

Oe B
B / ¢pt a ()= on
ro/D

profile efficiency
rotgtional efficiency
fan efficiency

mass flow through fan

rotation constant <—-“E§f->
(nD)" BH
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A fan wind-tunnel constant (defined in appendix D)

1
. 2 P
& energy ratio of wind tunnel r——

jo) statlc-pressure increment across fan

dy d¥ynamlc pressure due to rotational component of veloc-
ity downstream from fan

A area

C, C;4 C5, etce constants

Subscripts:
P fan
T throat

Primed symbols refer to blade slemonts,
BLADE-ELEMEFET THEORY

A vector diagram of forces and velocities acting on a
blade element is shown in figure 1., Ths slement is a sec-
tion of a fan blade at radius r and is of area b X dr,
The rotational interference velocity, designated a' (2nrn)
in reference 2, is assumed in this derivation to be w/2,
one~half of the final rotational velocity imparted to the
annulus of air by B Dblade elements at radius r, This
assumption is used in references 1 and 3, The inflow ve-
locity, aV in reference 2, for a fan working in a duct
is assumed to be zero., The torque, power, and thrust
characteristics derived here are expressed as coefficients
identical with the propeller charectoristics defined in
raferencoe 2.

2
aL = % pVg2 o bdr=2p T __ o b oar

4V
2]
e
B

ar = 0T _ o y2 pe [; ¢y, (v/D) ]a (;)

cos Y 2 sin® ¢ cos ¥
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Deofine
C1, .

Yjo' -

g
2 sin® @ cos ¥

For ono blade _ .
dR = p v2 D% x a(%)- :

For B ©bvlades,

%& = dR sin (¢ + V) B
—pv:p*mxl r
e = P V® 2® B K Zsin (4 W d<D>
Define
Q) = E 5 eln (§ + V) (1)
g = p v¥ 0% 3 Qc'Id<%>

In a later analysis the axial velocity will be con-
sidered nonuniform. Since over-all thrust and torque are
obtained by integration along the radius of the slemental
~ thrusts and torques, veloclty varying with radius must re-

main under the integral sign, It is better, thorefore, to
. use coofflcients that include the axial volocity.

2
2 .5 ' V’> (£>
Pn” D” B Qe (;5 é 3

aq =
= pn® D5 B 0g' 4 (%) (@
0e5 _ '
— r
Q = p n® D5 3 U/q og' @ <ﬁ> :
r /D

o

Q =.p nb Ds CQ, _ . ) (5)
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Similarly for thrust for one blade,
dT = 4R cos (@ + )
For B ©blados,
dT = p V2 D2 B X cos (§ + V) 4 (%)

Definc
T,' = K cos (¢ + V) (4)
ar = p v2 D% 3 T, 4 (%) (5)
= pn® D* B o, (£%>2 a (%)
- . = o n® 0% 3 ot a (§) (8)
’ 0.5
T=pa®D*B b/n Cp' d (%)
r, /D
T = p n® D* Op 3 N ¢ I

The cfficioncy of a blade element,

= AR T

2mn 'dQ . o
o S | o
rql' = - i . |
_ . 2nrn tan (@ + )
o : o w/2 \
_ o = gt o]
tan(@ + V) L gprn - 5 -
SR T tan(g + V) (.?,rrrn - %)5(1 znrr>_ -

- - - o - P —

e A
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n = tan ¢ (1 - w/2> (8)
tan (G + Y) 2rrrn
In appendix A the factor (1 - E;é—) is shown to rep-
resent the rotational efficiency of the_blade element,
tan ¢ ' = s
The ratio reprosents the profile efficien
’ tan (@ + ) P P creacy

and is the expression arrived at Dy simple blade-slement
theory.

PRESSURE RELATIOKS

Consider a fan unit working im a closely fitting cyl-
indrical duct and moving a nonviscous incompressible fluid,
Limit the length of the cylindrical portion of the duect to
& short distance on each slde of the fan and let the duct
torminate in infinltely large conos expanding upstream and
downstroam., In order to avoid having to deal with rotation
of the fluid, regard tho fan as an actuwator disk, Tho as-
sumption of incomprossible flow domands that theroc be no
discontinuity of axlal velocity at the fan, Useful energy
imparted to the flow by the fan, therefore, must appear as
increase in static pressure,

At a distance upstream where the velocity of flow is
negligibly swmall, pressure sunergy in the fluld 1s entirely
statlic pressure and is equal to the total pressure. Inas-
much as there can be no pressure gradient in motionless
flow (if gravity is ignored) the total pressure is con-
stant for all streamlines. 3By Bernoulli's theorem the to-
tal pressure is constant along any one streamline; hence,
the total pressure is constant throughout the flow at all
points upstream from the fan, The same reasoning can be
applied to show that the total pressurec is constan®
throughout the flow downstream from the fan. It then fol-
lows that the increment in total pressure across the fan
must be constant over the entire fan disk ang must appear
only as an lncrease in static: pressure..

The fact that the static-pressure increment across
the fan 1s constant over the disk places no restrictions
on the distribution of static pressure and axial velocity,
which is governed by the relative amounits of work boing
done by various rogilons of the fan, If tho tip portion of
tho fan is working harder than %the portion necar thoe hub,
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an axial velocity greater than the mean is induced through
the region of the tip and is accompanied by corresponding-
1y lower static pressure 1ln that reglon on both sides of
the propeller disk, The portlon near the hub, doing rel-
atively less work, cannot maintain an axial velocity as
groat as the mean; consequently, highor static pressures
on both sides of the propeller disk eoxlst in this regilon,
Phe static-pressure incroment across the fan, however, is
everywhore the same and the axial velocity through any
rogion is directly proportional to the relative amount of
work bolng dore by that portion of the fan,

In the design of a fan, the dlstribution of axial
velocity must be assumed and is often regarded as uniform,
If diameter and shafi{ speed are known, the optimum fan can
be deslgned for the given value of J, Whenever the fan
is required to work at a value of J other than the de-
sign value, somo portion of the fan is forced to do rela-
$ively more work than another and a nonuniform axial-
veloclty distridbution results, Aerodynamlic characteris-
tics of the fan, therefore, cannot beoc predicted by the
assumption of & uniform axial-velocity distributionm under
2ll operating conditions,

The conclusion that a constant static-pressure incre-
ment exists over the entlre propeller disk was based on
the assumption that no rotation was imparted to the fluid
as it passed through the fan, Conslder a single fan, with-
out countervanss., If the fact is acknowledged that the
torque driving the fan reacts only on the fluid and that
the fan doos impart rotation to the £fluid, then accounit’
must be taken of variastion in the static-prossuro incre-
ment across the fan disk, due to centrifugal pressure,

The axial velocity of a fluid particle (in incompressible
flow) is not changed during passage of the particle through
the fan, The absolute velocity of the fluid particle,
however, is increased because of the rotational velocity
imparted to 1t by the fan, Inseoparablec from this rotation
is an accompanying centrifugal pressure downstream from
the fan, which is manifest as statlc pressure, The cen-
trifugel presgure increases radially from hub housing to
duct wall and at aany radius is equal to the integrated
contrifugal pressure increments from the hub housing %o
that radius, It 1s now apparent that the fan imparts en-
erzgy to the fluid as an increase both in static pressurse
and in absolute dyaamic pressure and that the static-
prossurc incrcment boing partly centrifugal cannot be con-
stant over the ontirec fan, Investigation of theo distri-
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bution of these pressure increments over the fan disk is
" now 'in order, The flow pattern peing assumod symmetrlcal
“about the fan axis, 1nvestig&tion may bo’ confined %o a _
plano through tho axis in the reizion betwocn tho hub hgus-
‘ing and Guet wall, (Sec fig. 2.9.“ e
The only radial variation of the static~pressure In-
'crement through the fan 1is the variation of the centrifu-
gad” pressure hence the static- pressure gradient is the
centrifugal ~pressure gradient, whlch is _

ap a2,
T
dp = Pwar ar - L . (o)

The blade-element theory, equation (5), shows the
preogsure at radius r to be

a8 r
L _exo | VR R 4(3)
2 dr 2rp2 T d(
. D
PV B T,
P = - 7
5

If equations (1) and (4) are combined and X is eliminated,
expressions for T,' and p can be obtained

c
Tt = r %o . :
D@ .
: QCVZ.B- ! . . ‘
P. = - ..HHQS.P\ —_ (10)

gn»C%)éﬁt5£'(q";-w§7

Inasmuch ag the grad1ent of pressure inorement is
. given as a functlon of--the angular velocity imparted to
the fluid by the fan,. 1t_wou1d be pseful,to_rnow the pres-
sure increment in terms of tho same parametor, The torque
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regquired to ilmpart angular velocity w %o an annulus of
fluld at radius r 1is given by

4Q = 2rr dr PVrur = 2rpD® (—) Yur 4 <D>
By blade-element theory,

- 2 P
4Q = p ¥¥ D% B Q! 4 <D>

2
p 73 D° 3 Q. 4 (%) = 2rp D3 (%) Vor 4 (%)
rz
Q’CIVB=21T<5 wr
Q' V B

2 <D>

If the values in equation (1L1) are substituted in
equation (10), the pressure increment is expresscd as a
function of angular velocity and radius,

wr =

(11)

oV wr .
tan (¢ + )

Il

ow r {& <2nrn - -)
P-.

TG (e s D)

pTEIPW T <2ﬁrn - (:,'..).1; tan g .
: - . 27 tan (¢ YY)

pmpws (2“""%)*10'-" e ae

It is not feasible to express the profile effic1ency ag a
function of either of the indepsndent variables in equa-—
‘tion (12). The profile efficiency may be assumed to Dbe
unity (that is, 7Y = 0°) without introducing much error.
In order to determine the extent of its influence, however,
profile efficliency will be retained and rogarded as a con-
stant,
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) The differential of pressure increment, from equation
(12), is

dp = M,' P wr? (- W + (2 - 8 (Bwrdr + r2dw
o 2 2/ \

2 2
dp Mo’ P (:_EﬁQﬂ& + 4mawrdr + 2mar? dw-w® rdr_-u$E§%9>;

ap noxﬂp r (_ rwdw + 4mawdr + 2rnrdw - wadr> (13)

If dp 4is eliminated between equations (9) and (13),

w? dr = No ! <— wrdw + 4rrawdr 4+ 2mardw - w® dr) (14)

The steps followed in solving equation (14) are given
in appendix B; the solutlon is stated in the following
squation:

1-To
5 2N 14Me
P R RN | (15)
amn 1 +m, 2mn

Observation will show that, for reasonable values of w,

1-mg
. o an 1“"00
n, and mM,, the funotion < o . ) ~ is always
S N+ Mg 2mn .- '

nearly sesgual to ﬁﬁity. The error introduced by assuming
perfect profile efficiency 1s much less than 1 - m,, The
simplifying asstmpticsh that Y = 0° made in references 1
and 3 is found Justifiable for eguation (15) and will be

-used here; therefore r2 Bin is a constant, The expres-
sion 2mn is s constant for all radii,
T S T A
ceo o e )

LI W
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Bquation (17) shows that, as the fluid travels downe
stream from the fan, its tangential velocity is lnversely
proportional to the radius. Thls expression was derived
by considering the interrelation of thrust, torgue, tangen-
tial velocity, and pressure, Although, individually, these
guantities are functions of the axlal velocity of the fluiad
at the radius of the blade slesment, the final expression
is indopendent of axial velocity. Eguation (17) will be
considered to hold for any radial distribution of axial ve-
locity. '

A useful relation between elemental torque coefficient
and)radius can be obtained by combining equations (11) and
(17).

Q' VB - 0o

. _ 2noa T
Q'c: V=5
V'

Multiplylng through by ——z glves
(nD)
v\* 2mCp r V
v (L = ZlXs T 18
e <nD> B nD D nD (18)

From equation (17) it can bBe seen that the dimensions of
the constant 0, are in feet per second. The constant

20 -
gnng is therefore nondimensional. The rotatlon constant

2n0 L . _ o _
defined as T = E—E% holds for every operating section of

the propeller at a given instant, Since V/nD for a
blade element is J', eguation (18) becomes

ag! = T % .-_ | | (19)
It is desirable to define the rotation constant in
terms of basic wind-tunnel fan information, Thus,
_ . S . 0.5 _
P=2mm Q=2m P a® D° B Cq! @ <%>
(x/D),



14 NACA Technical Note No. 820

' 0.5 : :
P=o2rpn®0®B [ 710 = a (%)
o Emy o
P=7TB3Bna® D2 Lan o D2 v % a (%)] .
0.5 r/D)o
&)

o p D? t(/ via (%).= M
' r/D)y '

P

(nD)a B M (20)

As might be expected, the rotation constant 1s also one
of the many possible power coefficients,

By use of eguation (19), other blade-element coeffi-
cients become

b
°t 5 T
K = : =
2 sin® @ cos Y J'.sin (¢ + V)

2D T 8in® ¢ cos ¥
Gy b = : 21
L S It sin (@ 4+ V) (21)

Usually 1 > cos ¥ >0,998
1

TJ (22)

Op' = tan (@ + )

A point of interest, brought out in references 1 and
3, is that the increment of %total pressure across the fan
disk is constant at all radli, Centrifugal pressure at
any r/D station is ' :

- pp2wt g (%
dp = p D w 5 a (D)

If equation (17) and the definition of T are used,
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TBn D

w = =22 (23)
T
217 o)
b = T Bn_ . W -

= . _ _
r L e
am <D> S

T B3 n D D
ap = ( )
TINE

) D
2
T 3 D 1

- 1
A ORNe)
D/o

The accompanying absolute dynamic pressure lncrement is

i = 3 wd = = ( = ) <D> | o

o =

If countervanes are used, the increment in static
pressure is constant over the entire fan,

1Y) ‘TB n. D
D+ Gy =.§

The assumptions upon whieh the copfficient derivations
are based do not hold in practice. Wind-tunnel fans work
in alr, & viscous compressible fluid. Owing to viscosity
a boundary layer having a radisl gradient of axial volocity
exists, This distortion of tho axidl volocity pattorn is
independent of tho influoncce of the fan #nd makes null the
conclusion thgt tho total pressure-is constant for all
streamlinos, Becauseo mass flow through ovory cross soc-
tion of tho system must bo the same, tho compressible air
.must docelorate slightly during passage through the fan
into a.rogion of higher pressurc. ..Tho fact. that profile
officioncy 1s less than uniity has alroady boen discusscd,
¥on6 of thpso discropancies 1s belioved to.bo of suffi-
cient consequencec to invallidate the rcasoning Py which tho
deriVations were obtaincd, .
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The defined coefficients are readily applicable to
fan design and performance estimation,

INFLUBNCE OF WIND~TUNWNEL DESIGN OY FANW DESIGH

The dosign of the optimum fan for a wind tunnel de-
pends more upon the declslions of the wind-tunnel designer
than upon those of the fan designer., When the driving
power, volume flow, fan diameter, and hub-housing diameter
have been chosen, the efficiency of the fan ig fixed, Re-
lation between drlving power and volumoc flow is exprossocd
by the "onergy ratio” of tho wind tunnol, which is the ra-
tio of power in the air in a crogs section. of the test Jjet
to power input to the fan,

L on Ap V®
E = = PT — . (25)

In order to estimate the power reguired to produce a given
throat velocity, the deslgner must first estimate the en-
ergy ratio, The estimation of the energy ratioc of a ro-
turn flow wind tunnel is troated in refercenco 4, Although
procedure based on drag eostimation and expansion ratlo may
be followed to detormine the enorgy ratico of a wind tunnel,
estimation from experience is usually relied on,

For a given volume flow and blade-~-tip speed, the ro-
tational efficiency ‘can be shown to improve as the ratio
of hub-housing .diameter to fan diameter D,/D increases,
Rotational efficiency for the entire fan, assuming a uni-
form axial-velocity distribution, can be expressed as

o . L rlog 1 -
e S = e (28

(D) ¥ |- <D )

The derivation of this expression 'is given in appendix C,
and the functlion of Dy/D is plotted in figure 3,

Change in the ratlo D /D may also be made to 1nf1u—

ence the profile efficiency of the fan, Profile officieon-
cy for a single blade element, tan @/tan (¢ + V), is
shown, 1n reference 2, to be greatest when
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IY
— o - -
¢ = 45 3

The value of Y can be estimated with very small error,

If volume flow, fan dlameter, and rotational speed are
fixed, an arrangement similar to that shown in figurc 4
will give high profile cfficiency as woll as high rotation-
al officiency. The abrupit incrcase in tunnol-wall diamo-
tor pcrmits the use 6f theo prodetermined large-diamotor

fan at a location where the ailr velocity (assumed uniform)
will at some moan radius give a desirably large helix an-—
gle, Tno hub housing is shaped to prosorve the continuity
of flow area for the correct rate of dlffus1on.

Limitations to the gain in efficiency obtainable by
increasing DO/D must be learned by experience, The di-
voergence of the wind-tunnel wall ahead of the fan should
not be so abrupt as to cause the flow to separato from the
tunnecl wall, If countorvanses aro to be used in conjunc-
tion with the fan, thc rotational efficioncy becomos of
secondary intcrcst becausc the rotational loss is rogained
excopt for the small profilc loss in the countervanes thom-
solvecs, Presumably the adverse coffect of increasod weoitted
aroa would, at scme point, offset the benefit of increased
efficiency. Influence of the hub-housing diameter ratio
D,/D is discussed in reference 1,

OPTIMUM FAN DESIGN

"0ptimum fan® hore implies a fan whose blado clements
work at the highost 1ift-drag ratio of tho airfoil scction,
A distribution.of axial volocity undistorted by the fan is
also implied, Design of a wind-tunnel fan is begun with
the information furnished by the wind-tunnel designer:
volume flow, air demnsity, drive power, shaft speed, fan 4di-
amcter, and hub-housing diameter, The number of bladcs
used is assumod not to influonce acrodynamic behavior of
the fan and is to be dotormined chiefly from considerations
of blade strength, Blade interference and number of blades
are dealt with in reference 1 and blade strength is dis-
cussed in reference 5, Choice of number of blades com-
pletes the information noedod to compute the rotation con=
stant of the fan, From cquation (20)

P

T o= (nD)a
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The first assumption to be made by the designer must
be with regard to the distributiom of axial velocity
through the fan, An axisl-velocity distributionwcan be es-
tablished by a judicious uss of- information containod in
rofercnces 6 and 7, This procedure involvas compufation
of the veclocities in tho boundary layer noar a wall and in
the vicinity of a body of given shape and adjustment of
the velpcities to give.the correct volume flow, After much
work, However, the designer will still have only an approx—
'imatlon. For most wind-tunnel-fan designs, the assumption
of uniform axial. velocity reduces labor and, sxzcept in ex-
treme cases, does not introduce sorious error.' Detpormina-~
tion of helix angle, blado shapo, and dlado twist is more
or less straightforward and is.adapted to_tabulation.

The helix angle for each radial station can bo computod
from tho dofinition,

¢ = ta ——enr—
A
2rrn - 5

If equation (23) is substituted for w, ¢ Decomes a
function of J' and T. . '

¢ = tan"* g—i L —1=ta.n—1Jl
T3 g TR
217 - . E_l 217 D - o

D

(27)

ol
D

[wiis]

After selection of the blade airfoil profilss, blade shape
and orientation can be determined from equation (21).

; 2D 7 sin® ¢
a™ e CL b 1
a 4 Jlsin (¢-+ Y)

Elther 1ift coefficient or blade width may be arbitrarily
chogen, For the optimum fan, the lift coefficient is
chosen to correspond to the smallest value of the D/L
ratio, shown by airfoil characteristics, and the blade
width is computed, If the blade-width 'distribution is
fixed, as is sometimes desirdBle from strength cornsidera-
tions, the 1ift coefficient can be computed by successive
approximations madoe with suc¢esgively assumcd values of 7V,
Usually two approximations give tho corroct 1ift cooffi-
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cient, *0,005, and the corresponding 7Y checks the assumed
value within *0,05° Airfoll characteristics determine the
angle of attack along with the 1if% coefficient and Y,
Because there is usually only a small clearance between
blade tip and duct wall, 1t is assumed that no tip vortices
are shed from the bplades of a fan working imn & duct. On
the basis of this assumptiom, flow about the blade profile
is two~dimensional and airfoil characteristics for infinite
aspect ratio are used in computing fan characteristics.

The blade angle is the sum of tho angle of attack and the
holix angle. )

Two expregsions oach are avallable for elemental
torque and thrust cosefficients:

T
ot =TIk
@ b
2 Ly r
Co! = (J') = = sin (@ + )
< 2 sin® @ cos v P
C 1 = T J‘
T tan (@ + V)
b
2 °L 7 | R
Oqt = (J1) D cos (¢ + V)

.2 sin® @ cos ¥

Use of both expressions serves as a check on coiputatlons.
Integration of the elemental coefficients gives the corre-
sponding fan coefficients,

'0.5
Cq = 3f Og' @ @)
_ To /D
. : O 5 .
GT = B / GT d (§>
ro/D

For any distribution of axial velocity, over-all fan
efficlency is the ratio of the useful work %o the work
input,

|
L {
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f’v'Am_ |
/‘ZHnAQ

The torque and. thrust lncrements are given in equations
(2) and (&),

/

"q:

OCe B

. .
Vv pa®D BCT'a@)

r,/D
n = [o i =}
zwnpnaDslBCQ' d(%)
ro/D '
j ..BcT'd(D) BJF chTdQJ
= r . = 0,
n = - 5
b/n . '[} r
21 G4t 4 (Z S
r /D "o (m) 3”/1‘0/1);aﬁ " d<D>
n = % J' Op' 4 (%) | - | | (28)--

Dgtermination of the thrust and the efficiency of a fan
for a given power and the size and the shape of the blades
completos the aerodynamic ‘dosigu,
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TAN-PERFORMANCE ESTIMATION

Performance estimation, as opposed to design, includes
the determination of power absorbed, thrust, mass flow, and
efficiency of a fan, the slze and the shape of whilch are
already known. Fan performance, as well as design, depends
directly upon the energy ratio of the wind Stunnel in which
tho fan works, The method of porformanceg ostimation out-
lined here is based on the following assumptions: (1) At
any given time, all elements of a fan operate at the same
value of the rotation constant; (2) the distridbution of
axial velocity. through the fan is controlled by the fan
itself; and (3) a different distribution exists for each
value of the rotation constant. This procedure is as ap-
plicable to variable-pitch fans as to those having fixed
blades, and in the case of elther is laborious,

When information at hand consists only of the dimen-
siong of the fan and the wind tunnel and the emnergy ratio
of the wind tunnel, the analyst krows nothing of the fan's
operation except that a cortain thrust wlll accompany a
cortain mass flow, This fact is known from the wind-tunnel
characteristics and leads to the following equation. (for
derivation, see appendix D):

2
Og = A G%3> (29)

where the fan wind-~-tunnel constant

2 a 2
A = ﬂdesigg ar- D (pF AF
a
E Ay B Pp A

The design efficlency Mgesign 1n the forogoing exprossion
ig the fan effilciency that was assumed in computing the
energy ratio,

The relation involving the thrust-torque-rotation con-
stant, expressed by equation (29), coupled with the perti-
nent assumption that all blade elements operate at the
same value of tho rotation constant at a given instant fur-
nishes means for a systomatic analysis. The first step is to
prepare, for oach r/D station, charts of GQ‘ and Cp!
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plotted against.  J!' . (fig. '5).  THese charts show valuecs
of CQ‘, Cpty, and J' for constant blade angles and for
constant values of the rotatiqn constant T,

Basgic design information w111 show whether tho Dblade
angles are fixed or variable and will 1ndicate the range
of J' and T over which the blade oclemeunts will be ro-
guired to work, One set of computations fixos Gq‘, Copt,

and the blade angle for a serles of assumed J! values at
ono value of T at one r/D station. For tho givem =/D
station, a roasonablo value of T 1s choson and sovoral
J! walues are solectod, which bracket. the working range
of the section. 4n outline of a sample computation pre-
paring OCqg' and Op' charts follows,
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L= = E: =
5 Y b 3 T Ko
1
= K5 tan § = K5 J!
on r T3
D - %
P - CAa! = E.J:
cp = 2D T sin ¢ = L Q,"TD
J' b sin (§ + ) sin (@ + V) . 5
Cp! =
T tan (@ + )
i .
Jt O.4 0.8 1,2 1.6
tan ¢
g |
sin ¢

_ 2D T sin® @
J' b

Assumed ¥
(¢ + M

sin (@ + V)
tan (@ + V)

G, = L
L sin (@ + )

84

% = tan Y

Y (must check assumed
value)

GQ‘

GT'
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&

A chart
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When values of CQ‘- and Gm are plotted, the corre-

sponding values of the blade angle are noted, The fore-
going computation must be repsated for enough values of T
to cover the working range of the fan, Curves for comnstant
values of T can bs faired direculy. Curves for constant
blade angles must be faired by interpolating the values
noted in plotting. .Similar charts must be. prepared for
five or six r/D stations.

Consider performance estlmation for a fixcd—pg&ch fan,
The blade angle at each r/D station will be known. TFor
the proper blade angle at each r/D station, read from
the Cq' and Cp' charts values of CQ‘ and Cp!' corre-

sponding to a single value of T, The value of J' will
vary from station to station if the distribution of axial
velocity is not uniform. Integrate GQ‘ and GT; to get

GQ and CT‘ Repeat the foregoing procedure for two other

values of T and plot Cp against (%Q) « On the same:

chart plot egquation (29)., The intersection of the two
curves, shown in the following diagram called the A chart,
gives Q’ Cp and, vy interpolation, glves the T valuo

under which the fan operatos at tho spocifiod blado—angle
sotting,

Tho chart shown is for a variable-pitch fan., TFor a
fixed-pltech fan only ono B, curve cxists. ..

Tabulate oncircled 'points on A chart and compute
tho efficiency and tho mass f£low, The form following is a
simple one for this purpcse:: o o o -

(igg) T e °q n %
10,0
14,1
15.0
18,2




28 NACA Tochnical Noto Xo., 820

Further desirable information includes the efficilency,
the axial-velocity distribution, and the mass flow, Axial-
velocity distribution varies directly as J'!', As the work.-
ing T 4is now known, as well as the blade angle, values of
OT' and J' can be taken directly from the Cp' charts

and the integrated product J'!' Cp! can be used in equation

(28) to determine the fan efficlency. 'lMass flow can bde
computed from eguation (30), which is derived from the def-
inition of the rotation constant.

am Pp p® ¢

Throat veloclty must be computed from the mass flow, Inas-
much as fan dlameter D 18 included in the primary infor-
mation, all performance characteristics are now known in
terms of shaft speed. n, The shaft speed depends entirely
on the type of driving power rotating the fan, If the type
of driving power is known, the thrust, the powor, the ef~
ficiency, and tho mass flow can be found immodiatoly for
one blado~anglo setting,.

If the wind-tunnel fan is of the varlable-pitch type,
analysis at each of a series of btlade-angle settings will
be necessary. The A chart will then carry a curve for
each blade-~angle setting as shown, Because the distribu-
tion of axlal volocity through tho fan is assumcd to be
nonuniform and to vary with oporating conditions, the slilp
function V/nD losos some of its meaning., 3Bettor paran-
oters for expresslng wind-tunnel fan charactoristics are
blade angle B or rotation comstant T, PFinal informa-
tion, including shaft spoed, power, thrust, officionecy,
and volumeo flow, again is dopendont wpon the type of driv-
ing powere.

Langley Memorial Aeronsutical laboratory,
Hational Advisory Committee for Aeronautics,
Langley Pield, Va,, June 21, 1941,
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APPENDIX A

When fluid moves through a fan with axial velocity V
at radius r, the force requlred to impart continuously a
tangential veloclity w to an ananulus of fluild of thickness
Ar is ' ' B '

AP = (2mr Ar) PV w
If this force is supplied by the fan rotating at shaft
speed n, pawer expended in rotating the anmnulus of fluid
is
AP =2rrn AP =20 rn (Bmr PV Ar) w

Rotational energy in the aanulus of fluid leaving the
fan in unit time is

a
AE:(ZTrrpVAr)%

which is equal to the power lost,

The rotational efficiency of the fan-blade element at
radius r 1is

power loss
prower input

"qR'=l-

(2m r PV A ) -

! = 1 -~
a on ra (2 r PV AT) w

!ﬂRl: l.._E.Lz__

2T T a.’

AFPENDIX B.

w dr = nol (- wrdw + 4mowdr + Znsrﬁu - wadr) (14)
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(1 +mMp') wir = ng' (- wraw + 4pyawdr + 2rardw)

1 +mn,t 4 _ .
-—-'T-{—T-_ whr + wrdw - .zﬂn (2(1)(11‘ -+ I‘d.UJ/ = 0
o)

HJ;T wir + 2w3r - wadr + ordw - 2o (2wdr+rdw) = O
o

1 - 1
?o wir + w(2wdr + rdw) - 2o (2wWdr+rdw) = 0
o .
1-m'
—-ﬁ—-l—-——-UJd.I‘ -+ (ZLUir + rdw) (LU- 2’11'11) = 0
o
L =-m! w)a w aw W
o
dr+<2---dr r--——-)(-—-—-«..).—_-
MNo! <2nn 2mn T Zm/ e~ t
1 - 1
Let : ?o = a
Mo
and -2.).-=x
2mra
Then, ax®r + (2xdr + rdx) (x = 1) = O
8.z dr + 2xdr 4+ rdx = 0
x - 1
<xax°3 -+ 2x> dr 4+ rdx = o
dr + gx - 1) dx = 0
r ax” + 2x(x. - 1)
dr adx ix _
- T ‘ - 3 3 = 0
r ax + 2(x - 1) ax? + 2x% - 2x
ar + ax - ax = 0
r (a + 2)x - 2 x [(a + 2)x - 2]
Lot (a + 2) =1

Then,
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dr ) ax '
. - —— = log Cz
bx -2 x (bx - 2)
]_ogr,i.%f;dx +% ___éx_'—3=-1°g Ca
2 . 2
b X x:(b x

1 2 1 1
log r + ey log CE -x)+3 log x -~ 3 log <§ - x) = log OCs

2 log r + <§ - 1) log <§ - %) + log x = log Cg

1.2
5 b
log r2 x - log (& - x> = log Co
: 2
-3
r? x = C (— - x)
1-m,
1+m
2m o
r? —5“—>=c< o .2 (15)
2mn 1 +m, 2mn

APPENDIX C

If a uniform distribution of dxial velocity is as-
sumed, the rotational efficiency of the entire fan is

J mass flow through amnnulus (at radius r) x elemental Ty

"R = TN

Nr

Il
| R
1>}

B ko)
<
|—l
li

[o¥]
S’
o
H
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g . QB r)
n' ~ L |y _ TBD PV a <S
T T 4 r /D
: ro/D

From esquation (20)

2
P=TB (nD) H

=1 PV P Log 025
R . o r, 2 ro7D
Ao K 3 PYD Oe25 - 5
1
1
P °¢ 57D
Mg = 1 - —rmegem | e (26)
(rnD) M Do>
- 52
APPENDIX D

The resistance of the interior of a wind tunnel to
air flow through the tunnel is assumed here to increase as
the square of the throat velocity. The power in a cross
section at the throat is '

1 2
'5 pT VT ATVT

The energy ratio is

o .
2 Pp Vp Ay

. P

In order to indicate .the effectiveness of the wind-tunnel
tube as a diffuser, the fan efficiency ndesigﬁ with

which the drive power is applied, must be stated, This
same value of efficioncy was assumed in computing the oner-
gy ratlio of the wind tunnel,
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E X shaft power =4 Pp VI? Ao = % M_VTE

« thrust power _ M Vo
Mdesign ?_

a _ (P %5 ;
Vo = < X mean velocity through fan)

Pp &g
- =2
0.5 :
T a - pF 'A'F 21T:Da i.‘_ v a (3)
T Pp Ap Ap D D
L (r/D)o
— 0.5 2
ve = Pp 4 2mmD® B + L g4 (E)
T pq_-i AT TBAF D D
3 (:c‘/‘D)tJ
. 2
F . . 0eB
2 Py 'A'F ZTrnDa f (1‘)
v = B Cht d \ =
T Pp 4p T BAp [ % T N\D
i /o,
. . 3 2 -
2 - (Pp &y 2mnD °Q>
VT = —

Pp Ay A T

. - . M
Thrust powsr = 299%%55—— VTa

T M
Pp A

. Thrust power = ﬁL X volume flow thrqugh fan =
_F ) .

4

| M M u
- n? p* o M _'design " .y =2

T
'pF'AF ) 21 . .
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_ Mdesign .7 (PF 4§ 2muD? GQ‘at

2 _4 -
n D Op =
T 2F Pp Ay Agp B T
2 o2 S 2
¢ = Naesien *7 P (Pr AF) (E&)
T E Ap B° Pp Ag T

' 2 2 : 2 A
s fMgesign ™ D (pF AF)
- E Ay B° Pp Ap/

. c 2
or o (%)
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